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Introduction
Resource-allocation decisions are complex, but energetic resources are generally dedicated to three primary areas: growth, reproduction, and self-maintenance. Even after a decision is made as to how to invest resources into each area, an individual can further influence its fitness by differentially investing within each area. A classic example of this process is embedded in reproductive decisions about the size and number of offspring (Smith and Fretwell 1974) . In iteroparous organisms, these decisions are more complicated when current reproductive decisions influence future reproduction (Roff 1992) . Reproductive effort is predicted to increase with age, and this increase is attributed to the trade-off between investment in growth and self-maintenance when young and investment in reproduction as an individual matures (Roff 1992) . In oviparous organisms, increased reproductive effort can originate in either pre-or postoviposition resource allocation. Preoviposition resources include producing larger eggs, increasing clutch size, increasing clutch number, or some combination of these factors (Sinervo et al. 1992; Christians 2002; Stuart-Smith et al. 2007 ). Postoviposition reproductive effort can be elevated by increasing the rate of provisioning to offspring and increasing the defense of territories and/or young (Mas and Kölliker 2008; Sinn et al. 2008) . Elevated effort per offspring should enhance the probability of survival for each individual offspring but should also elicit a cost in the total number of offspring produced (Smith and Fretwell 1974) . Selective pressure on both parents and offspring will influence the optimization of allocation decisions.
In long-lived vertebrates, the period of time during which an individual might preferentially invest in itself should be extended, but not to the complete exclusion of reproduction. That is, an individual may begin investing in reproduction while still allocating resources to growth. Under this scenario, whether an individual initiates resource allocation toward reproduction may vary depending on its current body condition, energy availability, and environmental conditions (Litzgus et al. 2008; Proaktor et al. 2008; Sanz-Aguilar et al. 2008) . Conversely, as individuals approach the end of their reproductive lives, they should increase resource allocation toward reproduction and away from growth and self-maintenance. Ultimately, resource-allocation decisions in long-lived species should maximize the likelihood of survival of an individual when young but maximize reproductive output with age (Williams 1957; Ricklefs and Wikelski 2002) .
Turtles are a compelling group in which to study the tradeoffs between growth, reproduction, and self-maintenance. In contrast to long-lived endotherms, maintenance costs should be reduced in long-lived ectotherms (Congdon et al. 2003) . Turtles typically experience high juvenile mortality but high adult survival, implying that selection should favor rapid growth early in life and delayed reproduction. Most studies suggest that larger-bodied females produce larger eggs, larger clutches, or both (Rowe 1994; Roosenburg and Dunham 1997; Clark et al. 2001 ). These findings are consistent with the idea that reproductive output increases with female age and/or body size, but reproductive output also varies among nesting events within females (Roosenburg and Dunham 1997; Litzgus et al. 2008) . Unlike many other oviparous vertebrates, turtles do not have parental care; as a consequence, any parental effects must come in the form of preoviposition resources, thus constraining the possible avenues through which parents can exert nongenetic effects on offspring. Although reproduction should increase with age in turtles, the shell could impose a physical constraint on fecundity because of space limitations, or egg size could be limited through the width of the pelvic aperture (Congdon and Gibbons 1987) ; however, this latter point has been debated (Clark et al. 2001; Rollinson and Brooks 2008) . Recent research points to a possible physiological constraint on egg size through endocrine regulation of vitellogenesis (Bowden et al. 2004) . In that study, eggs from younger females contained statistically significantly higher levels of testosterone, a steroid that is known to inhibit vitellogenesis in many vertebrates (Staub and DeBeer 1997) and that is also associated with increasing growth (Schwabl 1996; Eising et al. 2001) . Age-related variation in egg mass may have important evolutionary consequences because egg mass has a strong effect on offspring size that can persist for years in turtles (Roosenburg and Kelley 1996) , including the painted turtle (Janzen and Morjan 2002) .
As with other oviparous vertebrates, turtles transfer a variety of resources to their eggs, including lipids and proteins, antibodies, and steroid hormones. Because these compounds can be detected in eggs at oviposition, they are of maternal origin and constitute one of the primary nongenetic means through which females may manipulate offspring phenotype (Janzen et al. 1998; Schumacher et al. 1999; Bowden et al. 2000; Harms et al. 2005; Rhen et al. 2006) . In particular, steroid hormones can vary seasonally and with maternal body size, and they may affect offspring sex ratio (Bowden et al. 2000 (Bowden et al. , 2004 , highlighting the potential for temporal variation in maternal effects on offspring development in turtles.
Individual mature female turtles from two age classes were tracked across 4 yr of nesting to determine whether reproductive effort is modified over time in these long-lived ectotherms. Using these females, we examined changes in growth, reproduction, and yolk steroid levels. We predicted that younger females (those with less nesting experience at the outset of the study) would be smaller but would grow more and that as a consequence they would invest less in reproduction, both within and among years, compared with older females (those with more nesting experience). With respect to yolk steroids, we predicted, on the basis of previous studies (Bowden et al. 2000 (Bowden et al. , 2001 (Bowden et al. , 2004 , that levels of progesterone would not change with age class or clutch but that testosterone levels would decrease with increasing female age and that estradiol levels would increase with clutch across the nesting season. Our study provides a detailed assessment of growth and reproductive investment over time in an iconic long-lived ectotherm, thereby adding critical information to our limited understanding of resource-allocation decisions in long-lived vertebrates.
Material and Methods

Study Site and Field Methods
We monitored the activity of painted turtles (Chrysemys picta) from mid-May through early July each year from 2002 to 2005 in a population that nests on an island in the Mississippi River, Carroll County, Illinois (41Њ57 N, 90Њ7 W). This population has been the focus of intensive study since 1988 (Janzen 1994; Schwanz et al. 2009 ). We used the long-term data available for this population to categorize individual females into age groups for this study, as described in Bowden et al. (2004) . Efforts to correlate female body size with age have proven difficult in turtles because growth trajectories early in life can affect adult body size. To mitigate these effects, females were classified according to their prior nesting experience as observed by us in the field. In addition to nesting experience, we used several physical characteristics to determine whether previously unmarked females had likely nested in previous years or were newly reproductive individuals. These characteristics included the counting of growth annuli, the presence or absence of fresh growth, and the general condition of the shell. This approach resulted in two distinct classes of females; those with at least 6 yr of prior nesting experience, and those with 0-2 yr of prior nesting experience. The former group was deemed the highnesting-experience (HNE) group (females of 12 yr of age or more), whereas the latter group was deemed the low-nestingexperience (LNE) group (females of 5-9 yr of age; Bowden et al. 2004 ). On the basis of field data for this population, we were able to confirm that individual females live as long as 20 yr, but we cannot yet provide detailed information on maximum longevity, as is the case for most long-lived species. Given that our HNE group exclusively contains females known to be a minimum of 12 yr of age, we can assume that our age class groupings represent a considerable fraction of the total lifetime in this population.
For this study, we used only females that could be unambiguously classified as either having HNE or LNE. All females meeting this criterion were included in the analysis of reproductive frequency, which was calculated as the number of clutches laid by a female per year (HNE, ; LNE, n p 25 n p ). Comparisons of growth rates included only the subset of 63 females that were captured in at least two different years over the course of the study (HNE, ; LNE, ). We caln p 22 n p 37 culated the mean instantaneous growth rate as the log difference in growth between the first and last capture divided by the number of years between captures. For comparisons of egg mass, egg number, and yolk steroid concentrations, each female must have produced two clutches within at least a single year of the study (HNE, ; LNE, ) . This criterion aln p 19 n p 25 lowed us to compare females that were presumably in different life stages but that had similarly high reproductive output within a given year, at least as measured by the number of clutches produced. Furthermore, this criterion minimized the possibility that we inadvertently missed a first nesting event for a given female.
All females were allowed to nest undisturbed but were cap-tured by hand immediately after nest completion. Females were identified and their plastron length measured to the nearest millimeter. Because of the high variability in stomach and bladder contents, body mass was not recorded. Nests of our focal females were excavated within 4 h of completion to count and weigh all eggs (to the nearest 0.01 g). One to two eggs per clutch were retained for yolk steroid assays, and the remaining eggs were returned to the nest to complete incubation. Eggs collected for steroid analysis were stored frozen (Ϫ20ЊC) until assays were performed. Females were handled and eggs were collected with permission from the Illinois Department of Natural Resources (NH02.0073 through NH05.0073) and with special use permits (32576-02024, -03014, -04014, and -05023) from the U.S. Fish and Wildlife Service. This research was conducted in accordance with Iowa State University Care and Use of Animals protocol (1-1-4733-J).
Radioimmunoassays
We used a competitive-binding steroid radioimmunoassay to measure levels of progesterone, testosterone, and estradiol in C. picta yolk samples. Steroid levels were quantified in two eggs per clutch for all but one clutch, for which only a single egg was used. For progesterone, we assayed eggs from 22 females (HNE, ; LNE, ). For testosterone and estradiol, n p 9 n p 13 we assayed eggs from 44 females (HNE, ; LNE, n p 19 n p ). To prepare yolk samples for the assay, frozen yolks were 25 separated from the other egg components and weighed, and each yolk was homogenized. A sample of approximately 50 mg of homogenized yolk was collected from each egg and suspended in 500 mL of dH 2 O. We followed the radioimmunoassay procedure of Wingfield and Farner (1975) ; see also Bowden et al. (2000 Bowden et al. ( , 2001 . Tritiated progesterone, testosterone, and estradiol (New England Nuclear, Boston, MA) were added at 2,000 cpm to each sample to serve as a tracer. Samples were then vortexed and allowed to equilibrate overnight at 4ЊC. Steroids were extracted by means of petroleum and diethyl ethers and reconstituted in 90% ethanol (Schwabl 1993) . The reconstituted steroid samples were stored at Ϫ20ЊC overnight to allow for sedimentation of neutral lipids and then were centrifuged and decanted. The supernatant was evaporated under nitrogen gas and resuspended in 10% ethyl acetate in isooctane in preparation for column chromatography. The columns consisted of a celite : ethylene glycol : propylene glycol upper phase and celite : water lower phase. Samples were directly applied to the columns, and hormone separation was completed by eluting the individual steroid fractions by means of a combination of ethyl acetate : isooctane (2% for progesterone, 20% for testosterone, and 40% for estradiol). Fractionated samples were dried under nitrogen gas and resuspended in phosphate buffer. Hormone concentrations were measured by competitive-binding radioimmunoassay, using an antibody specific for each steroid.
Yolk samples were assayed in duplicate, and values for duplicates were averaged to obtain a single concentration for each sample. Steroid concentrations were compared with a standard curve that ranged from 3.90 to 1,000 pg for progesterone and 1.95 to 500 pg for testosterone and estradiol. Recovery values averaged 35% for progesterone, 76% for testosterone, and 67% for estradiol, and the samples were run in eight assays. The average intra-assay variation, calculated as the coefficient of variation for the standards, was 11% for progesterone, 6% for testosterone, and 10% for estradiol; interassay variation was 19% for progesterone, 15% for testosterone, and 14% for estradiol.
Statistical Analyses
We performed the Wilcoxon two-sample test to compare reproductive frequency and growth rates between HNE and LNE females because these variables were not normally distributed.
To test for any seasonal, age-related, or yearly effects on egg mass, we performed a repeated-measures ANCOVA, using the Proc GLM procedure with clutch as the repeated measure. Age class, year, and their interactions were fixed factors in the model, and plastron length was the covariate. We performed an ANCOVA to determine how egg number, measured as the sum of eggs across clutches within a year, varied among females. Fixed factors and covariates were the same as in the egg mass analysis described above. In all cases, preliminary tests for differences in slopes were not significant ( ); hence, the P k 0.05 ANCOVA models were appropriate.
We assessed the effects of age class and year on steroid levels using a repeated-measures ANOVA with clutch as the repeated measure. Egg mass was initially included as a covariate but was not significant in any model, so it was removed from the analyses. For each steroid, the mean concentration of the two eggs analyzed was log transformed before analysis. These analyses were performed on a data set that contained only data on the double-clutching females within a given year to ensure that we analyzed all of a female's reproductive events within a season. If a female double-clutched in more than one year of the study, we randomly retained data from only one year to achieve equal representation among females. For all of the models described above, post hoc comparisons were conducted to probe for any significant interactions, and final P values were corrected for multiple comparisons with . All analyses were pera p 0.05 formed in SAS software (version 9.1; SAS Institute, Cary, NC).
Results
The comparison of reproductive frequency across years revealed that HNE females had greater reproductive output ( , Z p 3.62 ). LNE females produced clutches per P p 0.0005 0.74 ‫ע‬ 0.06 year, whereas HNE females produced clutches per 1.18 ‫ע‬ 0.10 year. Thus, HNE females produced, on average, two additional clutches over the course of this study. Tracking individuals across years, we found that females with LNE exhibited greater growth rates over the course of this study compared with females with HNE, as determined by change in plastron length ( , ). The mean instantaneous growth rate Z p -5.21 P ! 0.0001 for LNE females was 0.004, whereas the mean for HNE females was 0.0009. Despite growing less over the 4-yr period, HNE , filled symbols). First and n p 25 second clutches are plotted for each year of the study. In the first two years of the study, LNE females produced significantly smaller eggs than did HNE females ( ). P ! 0.05 females were larger than their LNE counterparts, with plastron lengths averaging 14 mm longer for HNE females (mean ‫ע‬ SEM, mm for LNE and mm for HNE). 146.7 ‫ע‬ 0.8 160.7 ‫ע‬ 1.2 Restricting the analysis to only those females that nested twice within a given year, we detected a three-way interaction between clutch, age class, and year on egg mass ( Fig. 1; Table  1 ). Post hoc contrasts between age classes within years for a seasonal trend indicated that this three-way interaction was driven by the 2004 data, but there were no significant differences once multiple comparisons were corrected for (experimentwise ). Comparing between subjects, we detected P 1 0.05 an interaction between age class and year ( Table 1 ), such that females from the HNE group produced more massive eggs than did females from the LNE group during the first two years of the study ( ; Fig. 1 ). We also detected significant main P ! 0.05 effects of age class, year, and plastron length, but there were no significant interactions with the covariate (Table 1) . Overall, LNE females produced smaller eggs than did HNE females in both first clutches (least-squares mean ‫ע‬ SEM, g 6.09 ‫ע‬ 0.12 for LNE and g for HNE) and second clutches (least-7.04 ‫ע‬ 0.14 squares mean ‫ע‬ SEM, g for LNE and 5.91 ‫ע‬ 0.13 7.08 ‫ע‬ g for HNE).
0.16
The analysis of egg number revealed main effects of age class ( , ) and plastron length ( , F p 6.34 P p 0.017 F p 13.54 1, 35 1, 35 ). For a given body size, LNE females produced P p 0.0008 more eggs in a year than did their HNE counterparts (leastsquares mean ‫ע‬ SEM, for LNE and 21.89 ‫ע‬ 0.76 18.30 ‫ע‬ for HNE; Fig. 2 ). However, older females produced more 0.95 eggs absolutely than did their younger counterparts within a year. The mean egg number ‫ע‬ SEM was for LNE 20.2 ‫ע‬ 0.7 females and was for HNE females. 20.9 ‫ע‬ 0.9 Yolk steroid concentrations varied by female age class and by year, but the patterns of variation differed among the steroids measured. Progesterone levels varied seasonally, with second clutches having higher levels relative to first clutches within a given female ( , ; Fig. 3 ), nor were any interactions detected. Levels of yolk P p 0.15 testosterone were lower in females with the most nesting experience ( , ; Fig. 4) , and, as with proges-F p 5.23 P p 0.028 1, 36 terone, we detected among-year variation in yolk testosterone levels ( , ). Mean testosterone concentra-F p 15.38 P ! 0.0001 3, 36 tions ‫ע‬ SEM were and ng/g for LNE 0.53 ‫ע‬ 0.05 0.33 ‫ע‬ 0.04 and HNE females, respectively. Yolk estradiol levels were higher in eggs from second clutches of the season ( , F p 133.16 1, 36 ), and there was a significant interaction between P ! 0.0001 clutch and year for yolk estradiol levels within females ( , ; Fig. 5 ). Probing this interaction, there F p 3.37 P p 0.029 3, 36 was a trend toward the magnitude of variation in yolk estradiol levels between first and second clutches to differ among years, but post hoc analyses failed to detect any significant differences once multiple comparisons were corrected for. Yolk estradiol levels were higher in eggs from LNE females ( , F p 6.37 1, 36 ; Fig. 6 
Discussion
Resource-allocation decisions of long-lived vertebrates are assumed to vary across the life span, and those decisions should increase reproductive fitness accordingly. However, few studies have tracked age-specific changes in life-history strategies in long-lived ectothermic vertebrates, despite their potential to differ from strategies expected for long-lived endothermic vertebrates. To gain a better understanding of how age influences resource-allocation decisions, we tracked individual reproductive female turtles from two distinct age classes across a 4-yr span in the wild. We previously reported on variation among females with HNE (presumably older females) and those with LNE (presumably younger females) with respect to egg size, female size, and yolk testosterone levels within a single nesting season (Bowden et al. 2004) . With this study, we importantly extend those data to include (1) additional individuals, (2) additional years of data collection, (3) reproductive frequency, and (4) information on levels of progesterone and estradiol in yolk (in addition to testosterone levels). By tracking individual females over multiple years, we could assess both intra-and interfemale variation, which is critical to deciphering how complex resource-allocation decisions are made over time.
Reproductive Frequency, Investment, and Growth
Over the course of this 4-yr field study, we found that female painted turtles differed in how they partitioned resources to growth and reproduction in accordance with their prior nesting experience. In general, females followed the predicted pattern of increasing investment in growth and reducing reproductive output when young but reversing this pattern as they aged. The pattern held despite the fact that our focal population consisted of females with high reproductive output (i.e., those nesting multiply within years). Younger females exhibited reduced clutch frequency over the course of the study compared with their older counterparts. Older females, on the other hand, clearly invested more resources into reproductive effort, averaging two additional clutches during the 4-yr course of the study. These findings suggest that younger females limit their reproductive output in favor of growth, and this pattern was consistent over multiple years.
We had anticipated that we might observe a transition in the population of LNE females during this study, from faster growing individuals with lower reproductive frequency to a suite of phenotypic characteristics that more closely resembled the HNE females-namely, reduced growth and higher reproductive frequency. However, because our HNE females were on average 14 mm longer, we estimate that we would have to track the LNE females for several additional years for them to approach a body size (age) similar to that of the HNE females in this study. A protracted period of maturation occurs in this population of turtles, but females initiate reproduction early in this phase and at least some of these younger females invest substantial resources to produce multiple clutches within a season.
Our analysis of egg mass resulted in a series of complex interactions. At the outset of the study egg mass was larger in the older population of females, with the difference disappearing by the third year. We found that both plastron length and age class appear to capture important variation in egg production, with younger females producing more eggs when differences in body size are corrected for but still producing absolutely fewer eggs within a year. Thus, data on egg mass and egg number indicated that LNE females may approach HNE females in some measures of reproductive output but on the whole still put fewer resources toward reproduction. How the timing and amount of energetic resources allocated to these initial reproductive events affects these younger females is unknown. Younger females may always benefit from reproducing as soon as they are physically able (i.e., once they have accumulated sufficient resource stores and body size to make an investment in reproduction tractable). Alternatively, females may benefit from having gone through the physical act of nesting, providing them with valuable information on where or when to nest. Evidence in support of this latter suggestion comes from previous work in our population; HNE females produce eggs that do not appear to differ in overall composition (Harms et al. 2005 ) but produce hatchlings that have increased survival relative to LNE females (Paitz et al. 2007) . Given the longevity of reproduction in turtles, it is equally plausible that females might benefit by waiting until they are not only physically prepared for the challenges of reproduction but also find appropriate environmental conditions for offspring development. Recent work in the leopard gecko (Eublepharis macularius) found that during their first year of reproduction the female condition had a strong effect on reproduction (Rhen et al. 2006) . Interestingly, this trade-off appeared to be related to levels of the androgen dihydrotestosterone in egg yolk. Clearly, more work is needed to help decipher how reproductive decisions are made in long-lived species, whether these decisions are mediated through endocrinological pathways, and what consequences these decisions have on offspring.
Endocrinology
The endocrinological analysis of egg yolks revealed significant variation within and among the three steroids examined. We had predicted that progesterone levels would be high but would not vary with either female age class or clutch. Our results indicated that levels of progesterone were much higher than those of the other two steroids, were significantly higher in eggs from second clutches, and, while not significant, tended to be higher in eggs from LNE females. The observed seasonal variation may be related to the physiological requirements of multiple nesting. In turtles, progesterone levels have been shown to increase just before and through the period of ovulation (McPherson et al. 1982 ). An increasing steroid signal may be necessary to ovulate subsequent clutches as the female's physiology changes across the nesting season. Why progesterone levels tended to be elevated in yolks from younger females is at present unclear; however, given that levels of all three steroids were generally higher in these eggs, the overall endocrinological state of younger females may differ from that of their older counterparts.
In contrast, testosterone levels were the lowest of the three steroids assayed, and they did not vary with clutch but did vary with female age class. This pattern is consistent with previous data collected in a single season for this population (Bowden et al. 2004 ). In our previous study, we suggested that females with LNE might use testosterone to mediate the trade-off between growth and reproduction. Our data support such an interpretation, given that the rate of growth among LNE females was significantly greater than that among HNE females across the 4-yr span. However, we measured yolk testosterone levels and not plasma testosterone levels for each female, and we do not know whether yolk steroid levels are representative of circulating levels (Moore and Johnston 2008) . A previous study of slider turtles (Trachemys scripta) did find such an association when females were administered steroid implants (Janzen and Morjan 2002) , whereas studies of birds and lizards have found mixed support for an association for yolk and plasma steroid concentrations (Williams et al. 2005; Rhen et al. 2006; Lovern and Adams 2008) . Furthermore, follicular maturation can take many months in turtles (Congdon and Tinkle 1982) , and yolk steroids may actually represent an integrated measure of steroid levels over that period.
Finally, our analysis of yolk estradiol levels indicated that levels of estradiol increase from first to second clutches in both LNE and HNE females and are higher in eggs from LNE females. Previous research has reported that estradiol levels vary seasonally in painted turtles (Bowden et al. 2000) ; however, because this study was conducted in an unmarked population, it is unknown whether this pattern could be attributed to within-or among-female variation. Here we have demonstrated that estradiol levels increase within individual females across the nesting season. Estradiol is primarily associated with the onset of vitellogenesis and follicle maturation (Callard et al. 1978; McPherson et al. 1982) . As with progesterone, such a seasonal shift in steroid levels is likely tied to female repro- Figure 6 . Mean estradiol levels (‫ע‬SEM), by nesting experience. Estradiol levels were significantly lower in yolk from female Chrysemys picta with high nesting experience (HNE, ) than in those with n p 19 low nesting experience (LNE, ; , ) . n p 25 F p 6.37 P p 0.016 1, 36 ductive physiology, with elevated steroid concentrations being required for the maturation of successive clutches.
In the end, our multiyear field study provides important insights into the ontogeny of resource allocation after maturation in a long-lived ectotherm. In contrast to endotherms, the maintenance costs of energy allocation are negligible (Nagy 2005) , whereas the potential for postmaturational growth presents a novel energy-allocation contest between the competing demands of growth and reproduction. Consistent with lifehistory theory, we found evidence for the expected dynamics of this age-related trade-off. These dynamic energy allocations are accompanied-or driven-by a suite of age-related endocrine changes reflected in egg yolk, and these changes may have phenotypic consequences for the resulting offspring. Manipulative experiments are necessary to tease apart causality among the various factors examined here, but our work nonetheless highlights some of the primary fitness consequences of the intersecting decisions between the energy and endocrine compartments of the life history.
